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Zirconium dioxide, or zirconia, is seemingly an ideal refractory
oxide, having a high melting point (2680°C), low thermal expansion and
also a considerable resistance to most forms of chemical attack. Early
researchers soon found that zirconia, in the pure form, was actually
of very limited use as a refractory because of sudden and disruptive
volume changes accompanying a change in crystal structure which occurs
at a temperature of about 1100
o
C. It was discovered that this crystal
structure change could be suppressed by the addition of one of a
number of alkaline earth or rare earth oxides. These additive oxides
have been found to form solid solutions having a stable crystal
structure
for this purpose
over a wide temperature
is termed stabilized zirconia.
range. Zirconia ccntaining additives
Stabilized zirconia may possess rather unusual electrical con-
duction characteristics, depending upon the particular additive oxide.
In many cases, including that of yttria stabilized zirconia, a large
almost purely ionic conductivity exists over a wide temperature range.
An early application for this material was in the Nernst glower,
which was popular as an incandescent light source around 1900, and
which survives today as a source in some infrared spectrephotometerts.
The Nernst glower was simply a filament of yttria stabilized
zirconia which could be heated to incandescence in air by passfna a
current, either ac or dc, through the filament. The &tower was at
411.•
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once recognized to be an unusual ionic conductor in that there was
apparently little or no electrolysis, even after extended periods
of oper,4tion on dc.
The chemical stability of the conducting glower material was first
satisfactorily explained by Wagner (1) who found the charge carriers
to be primarily oxygen ions. For operation in air the supply of oxygen
at the cathode was found to be continuously replenished from the atmo-
sphere .leaving the composition of the ceramic essentially unchanged.
Several investigators have found that when a conducting sample of
yttria stabilized zirconia is deprived of atmospheric oxygen, either by
flushing with an inert gas or by evacuating the test chamber, immediate
changes in the material are apparent (2, 3, 4). The color of the
ceramic changes from white to black, with the color change proceeding
from the negative electrode to the positive electrode. The color change
is accompanied by the appearance of a multiplicity of cracks in the
sample which suggests a volume change, perhaps as the result of a change
in crystal structure. The character of the conductivity changes rapidly
from ionic to metallic as evidenced by the disappearance of the large
negative temperature coefficient of resistivity associated with ionic
conductivity. The original color, although not the mechanical integrity,
of a "converted" sample can be restored by firing in an oxidizing
atmosphere. This behavior, in conjunction with the knowledge of the
conduction mechanism, is a good indication that electrolytic conversion
in inert atmospheres is basically a reduction process.
It is .the purpose of this project to investigate the mechanism
of electrolytic reduction in a vacuum, and to determine, if possible,
the composition and structure of yttria stabilized zirconia which has
been so reduced.
CHAPTER II
THE STRUCTURE AND ELECTRICAL PROPERTIES OF YTTRIA STABILIZED ZIRCONIA
The Fluorite Structure. Pure zirconia has a stable monoclinic
crystal structure from room temperature to about 115C
o
C (5). Above
this temperature a transition to the tetragonal crystal structure takes
place. Both the transition from monoclinic to tetragor.al on heating
and the re-establishment of the monoclinic rhase on cooling are accom-
panied by destructive volume changes that limit the value of pure
zirconia as a refractory material (6).
It has been found that the addition of certain refractory nxides
can eliminate the phase transition by forming a hew cubic structure
known as the fluorite structure, which is stable over a wide range of
temperatures. Among the, oxides effective in this so-called stabiliza-
tion of the material are Calcia (CaO), Magnesia (MgO), Yttria (Y203),
Ytterbia (M203), Scandia (Sc203) and Neodymia (Nd203) (7, 8, 9).
The cubic fluorite structure of stabilized zirconia is shown in
Figure 1.
The anions (0--) are in simple cubic packing with half the inter-
stices occupied by cations. The cation lattice is of the face centered
cubic structure with the space at the center of the unit cell being the
unfilled interstice in the simple cubic anion lattice. The cation
lattice is a mixed crystal lattice, which means that the lattice points
++++
are occupied by Zr and stabilizing additive cations (designated M
in Figure 1) in a random distribution. The most effective stabilizing
4- S
•
Figure 1. The fluorite structure (10)
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additives are generally those with anions about the same size as the
zirconium ions for which they are interchangable in the cation lattice.
In yttria stabilized zirconia, approximate ionic radii are zirconium,
0.87 A; yttrium, 1.06 A; and oxygen, 1.32 A.
Ionic Conductivity in Yttria Stabilized Zirconia. It is now
generally recognized that zirconia stabilized in the fluorite structure
with yttria, or certain other oxides, has a large and almost purely
ionic electrical conductivity at elevated temperatures.
In a crystal in which all points in both the anion and cation
lattices are properly occupied, ionic conductivity is not likely since
no charge can be transported unless individual ions can leave their
sites. Hence, for appreciable ionic current flow, one must postulate
either interstitial ion carriers or charge moverent via ion vacancies
in either the anion or cation lattices. Azaroff and Brophy (11) discuss
the following types of ionic charge transpert processes:
1. Direct interchange may take place between adjacent ions.
This is an unlikely event because the necessary displace-
ment of neighboring atoms and the large coulomb forces in
ionic crystals require a relatively large amount of energy.
2. Migration of an interstitial ion subsequent to the formation
of an interstitial-vacancy pair. (Frenkel defect.)
3. Displacement of an ion into a vacancy created by the removal
of an ion to the surface of the crystal. (Schottky defect.)
4. Diffusion of pairs of vacancies by means of ionic movement
Into either of two adjacent vacancies.
5. Displacement of an ion into a vacancy created to maintain
crystal charge neutrality when foreign atoms of different
valence are substituted for some of the normal constituent
atoms (11, 12).
All these movements are governed by the usual laws of self-diffusion.
The one dimensional form of Fick's law (11) states
dn
J = -D --
dx
It is seen from this equation that the flux of ions J is proportional
to the gradient of their concentration n where D is the dSffusion
coefficient which depends upon the quantity of energy required for
defect formation and subsequent movement of an ion by one of the
previously enumerated processes. This quantity of energy is called







is a constant of the crystal, k is Beltzmann's constant and
T is the absolute temperature (11). The ionic conductivitycris given
by 0— = Zenp,
41,
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where e is the electronic charge, n is the number of ionic sites and










It can be seen that the activation energy of an ionic conduction process
may be found from the straight line slope of a plot of lncrT vs recip-
rocal temperature. The deviation of such a curve from a straight line
is aa indication that more than one ionic mechanism contributes to the
conduction or perhaps electron and/or hole conduction is also taking
place.
The ionic conductivity of zirconia stabilized in the fluorite
structure is a consequence of the high mobility of the anions (0 )
which are the primary charge carriers in this case (10, 13, 14, 15, 16).
The high mobility is possible because of the vacancies in the anion
lattice which are necessary to maintain charge neutrality when cations
+++of lower valence (in this case Y ) are substituted for some of the
quadrivalent zirconium ions in the cation lattice. Such a mechanism
has an inherently low activation energy brought about partially because
no defect formation energy is required prior to movement of an ion. The
concentration of the vacancies is fixed by the composition of the mate-
rial and is therefore temperature independent. It will be recalled from
the discussion of the fluorite structure that cation-lattice points are
occupied by a random selection of zirconium and additive ions and,
therefore, the vacancies are also randomly distributed throughout the
solid. A simple schematic representation of this structure, showing
the movement of an 0 ion into a vacancy, is shown in Fi;ure ta
7.
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Figure 2. Schematic representation of 0 movement via a
vacancy (16).
Experimental evidence for the existence of this structure has been
given by electrical and densitometric measurements (10, 16). The
densitometric -!vidence has been obtained by X-ray diffraction techniques
that establish the dimensions and volume of the crystal unit cell. This
makes possible the calculations of the theoretical density of the model.
Comparison of measured and calculated densities has shown that the pro-
posed model of a complete cation lattice and an anion lattice with
vacancies is most rational for the highly conductive stabilized zirconia
compositions such as yttria stabilized zirconia.
The strongest electrical evidence for this structure is the exis-
tence and relative stability of the large ionic conductivity itself.
If the charge carriers were cations there could be no steady state dc
conductivity since all the cations would eventually migrate to the
cathode and be electrically neutralized. Such electrolytic action
obviously would result in decomposition of the material. That such
cessation of ionic conduction and decomposition of the material does
not readily occur is therefore evidence for predominantly anionic
conductivity. The anions (0 ) are not similarly exhausted 'because
continual replenishment from atmospheric oxygen can Occur by ehe




The overall dominant conduction mechamism is illustrated sche-








Anode reaction Cathode reaction
20 0
2 
+ 4e 4e- + 0
2
 .20 
Figure3. Dominant conduction mechanism in yttria stabilized
zirconia in an oxidizing atmosphere (16).
This process is independent of oxygen partial pressure so long as
there is sufficient oxygen present to maintain the cathode reaction at
a given current level. Ringery, et al,(10) have shown that the con-
ductivity of calcia stabilized zirconia is independent of oxygen partial
pressure over a range 7.6 X 10
2 
to 7.6 X 10
-8 
torr. Presumably these
were low current ac conductivity measurements, and one can readily see
that electrolysis effects would be considerably less than for dc oper-
ation. The periodic reversal of ac current flow tends to keep most of
the oxygen ions from leaving the material (16). Even so, stable dc
conductivity is quite possible although perhaps not at pressures as low
as 7.6 X 10
-8 
torr. The required oxygen partial pressure also de7ends
upon the magnitude of the electrical current, since this determines how
many oxygen atoms are required for the cathode reaction. Experiments
with yttria stabilized zirconia at atmospheric pressure have shm:n that
9.
direct current densities in excess of 100 amps/cm
2 
may be passed for
hundreds of hours without ;appreciable electrolytic decomposition cf
the material. If,however, the pressure is reduced to the micron region
an apparent reduction of the aeric takes place rapidly. When these
experiments were repeated using aclao iTmediate changes in the sample
were noticed, even at oxygen pressures somewhat less than 10
-6 
tort (2).
Figure 4 shows the electrical resistivity versus reciprocal tem-
perature for yttria-zirconia solutions of several compdsitions (8). It
can be seen that the data can be well represented by an Arrhenius equa-
tion, which is to be expected for a purely ionic process.
1
This ideal
behavior over such a wide range of temperatures and compositions makes
yttria an ideal stabilizing additive for this investigation.
The ZrO2-Zr System. It has been pointed out that the obvious
changes in yttria stabilized zirconia that occur as a result of passing
direct current through the sample, in a vacuum, involve a reduction
process. Prior to this investigation it was net clear whether the
dioxide was reduced to metallic zirconium, metallic yttrium or to a
suboxide form such as ZrO. Indeed there seems to be some disagreement
in the literature as to whether Zr0 even exists, at least in the solid
state. Hence, some exploration of the literature in this area is
appropriate.
The most complete investigation of the Zr-0 system, in the com-
position region of interest, is that of Domagala and McPherson (17).
These investigators prepared a large number of samples in the 0 to 66.7
'Actually, a plot of lnc-T vs 1/T rather than lnc-vs ljT should
yield a straight line. In Figure 4 however, the range of T is sufficiently
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Figure 4. Resistivities of zirconia-yttria solutions (8).
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atomic percent oxygen range by means of arc melting and alloying high
purity samples of zirconium and Zr02. These alloys were quenched from
various temperatures and examined by metallographic and X-ray diffrac-
tion techniques. The only phases formed in this composition range are
shown to be those of 4-zirconium, P-zirconium and Zr02. In particular,
in the region of 50 atomic percent oxygen, which corresponds to ZrO,
only a two-phase structure composed of the types c4-zirconium and Zr02
was observed. The authors further state, "In the course of the investi-
gation, no single piece of evidence was found which could be construed
as evidence for the existence of Zr0." A similar conclusion was reached
by Cubicciotti (18) as the result of an investigation on the location
of the solidus curve in the zirconium-oxygen system. Weber, et al,.(6)
have attempted to establish the existence of ZrO by firing stoichio-
metric mixtures of Zr and 
7r02' 
as well as mixtures of Zr and 1.1c but
' 
without success.
Schonberg (19) acknowledges, in accordance with the previously
cited work, that ZrO cannot be prepared from the pure zirconium metal
and Zr0
2 
by simple melting. He did find that if zirconium metal was
oxidized with steam in the presence of hydrogen between 600°C and 800°C,
a new phase with a cubic edge length of A0 = 4.584 R to 4.620 g could
be formed. The same phase, believed to be ZrO, was also prepared by
the oxidation of zirconium in vacuum, using the oxides of other metals.
Zr0
2 
has also been reduced by mixing it with boron and firing (20).
The residue so obtained corresponded in analysis to ZrO. Of course,
mere stoichiometry'is not sufficient for definite identification of the
material as ZrO.
Formation of ZrO by electron bombardment of Zr02 has also been








threshold electron energy at which oxygen is evolved from the bombarded
Zr02.
The existence of ZrO in the gaseous state has been rather posi-
tively confirmed by Chupka and Perkowitz (22), by use of a mass spectro-
meter to identify it in the products of sublimation from heated Zr02.
Electrolysis of Stabilized Zirconia. Carter (3) has performed a
number of experiments in which a direct current was passed through
samples of yttria stabilized zirconia in dry argon. These samples were
operated at a current sufficient to yield an initial sample temperature
of about 1700°C. No external heat source was used. After about six
hours operation, the temperature was typically 1200
o
C and the samples
were found to exhibit the color change to black and a change in con-
duction characteristics from ionic to metallic as previously described
in the introduction. X-ray diffraction examination of such a "converted"
sample showed a two-phase structure; namely, the cubic fluorite struc-
ture of stabilized zirconia plus a new fee," centered cubic phase with
a lattice constant of A
o 
= 4.576 A. This is close to the 4.584 g
- 4.620 A reported by Schonberg for ZrO. The new phase, presumably
ZrO, was present in the sample only in the zone of current flow, and
appeared slightly stronger near the positive electrode.
The experiments in this area by a number of other investigators
have recently been surveyed by Paidassi and Caillot (23). They point
out that the characteristic changes in the conduction and color of
zirconia, occurring as a consequence of charge transport in argcn, have





CaO, and MgO. They concede that the mechanism of
change is by the liberation of oxygen at the anode, or reduction of the




they conclude that extra oxygen vacancies are created within the
material without any change in the basic fluorite crystal structure.
This apparent contradiction may be simply due to passage of insuf-
ficient charge through their samples to effect the structural changes
observed by Carter (3). eranger and LaCombe report a weight loss in
their samples which, if attributed to oxygen evolution, would correspond
to the creation of 1.57. (of total number of anion sites) of extra oxygen
vacancies. It will be apparent later that this is not nearly the
ultimate reduction which can be achieved by electrolysis.
Several investigators (2, 4, 23), including Beranger and LaCombe,
report the formation of ZrN in samples opena-.ed in air or impure argon.
Paidassi and Caillot suggest the possibility of the formation of






Preparation of Samples. All samples used in this investigation
were made from extruded tubing consisting of 85 mole percent zirconia
(Zr0
2




) as prepared by the General
Electric Research Laboratory for manufacture of Nernst glowers. The
extrusion mix was prepared from oxides of 99.99
+
percent purity, ex-
truded into tubing, air fired at 1500°C and then sintered two hours
at 1900°C in hydrogen. After sintering, the tubing was again air fired
to reoxidize any material which might have been reduced during sintering.
Two sizes of tubing were used:
Outside Diameter Inside Diameter 
.057" .0185"
..041" 010"
The dimensions themselves are not significant, however the two sizes
were from different extrusion batches and therefore provide a check on
the reproducibility of preparation. The density of the sintered tubing
was about 4.0 gm/cm
3 
or approximately 70 percent of the theoretical
density.
Samples for a study of the electrical conductivity were prepared
from the finished tubing as shown in Figure 5. The electrical contacts
were .005" diameter 99.999 percent pure platinum wire wrapped around
the tubing and coated with ceramic of the same composition as the tubing.
The coating was applied to the wrapped contacts in a water slurry and
vacuum sintered at 1500
o
C. It served to improve the electrical contact .
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Figure 5. Axial section view of a typical test sample.
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better contact could be obtained by using another noble metal to braze
the platinum to the rod forming a true reactive seal. This procedure,
which is common in Nernst glower manufacture, was not followed because
of the undesirability of eomplicating the materials system with another
element.
Electrical Operation. Appreciable electrical conduction in yttria
stabilized zirconia is possible only at elevated temperatures
(see Figure 4). Accordingly, it is necessary to provide external heat
to initiate conduction after which the sample may be kept at a high
temperature by the passage of current. A methanol flame was used for
preheating in most of these experiments.
The large negative temperature coefficient of electrical resis-
tivity of the material also makes the samples very susceptible to
thermal runaway if some form of current limiting is not used. -n some
cases the sample was simply operated in series with a current limiting
resistor of appropriate size. While this prevents thermal runaway, it
does not yield a sufficiently constant current for precise and con-
venient electrical measurements. When such measurements were required,
a KEPCO Model ABC 40-0.5 M power supply was used for true constant
current regulation.
Direct heating of the sample by electrical dissipation, while
simple, has some disadvantages. The temperatUre of the sample at any
point is a function of its electrical resistivity at that point. If
the resistivity changes as a result of localized electrolysis, the local
temperature will change with considerable effect on the ionic conduction
mechanism itself. Under these conditions, it becomes impossible to
separate thermal effects from electrical effects. To avoid this problem
























Figure 6. High temperature vacuum oven. (Cutaway shows the position
of the sample under test within the cylindrical oven.)
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sometimes used to maintain sample temperature. This oven was designed
for continuous operation at 1200°C. The current through the samples
operated in this oven was maintained at a low value so that the internal
electrical dissipation of the sample would be insufficient to cause
significant localized heating.
An ion vacuum system equipped with an Ultek Model 20-361 400
liter/second pump was used instead of an oil diffusion system because
of its freedom from orgaric contaminants. The pressure in the bell jar,
u'th the oven hot, was generally less than 10
-7 
torr. The ultimate
pressure after a few hours operation was about 10
-3 
torr.
Samples Prepared for Mass Spectrometer Analysis. Prior to this
investigation, it had been assumed that dc conduction in yttria
stabilized zirconia samples in vacuum caused reduction of the oxides,
since the oxygen evolved at the anode could not be replaced fro," the
atmosphere (see Figure 3). If the assumed mechanism were true, oxygen
should be initially evolved from a sample at a rate dependent on the
current. To verify this, two test vehicles were prepared for attachment
to a mass spectrometer. The construction of these is shown in Figure 7.
The nickel sleeve surrounding the sample was heated by RF in-
duction to preheat the sample and permit initiation of conduction.
















Figure 7. Arrangement of test cell for use on the mass spectrometer.
CHAPTER IV
EXPERIMENTAL PROCEDURE AND RESULTS
Mass Spectrometer Measurements. Mass spectrometer Sample #1
(Figure 7) was connected to the spectrometer and evacuated. The power
















Figure 8. Power supply for mass spectrometer measurements.
Initially the switch was set in position "A" for pure ac operation.
The sample was preheated to initiate conduction and the ac supply
voltage adjusted for a sample operating temperature of approximately
1600
o
C, which was reached at 81 volts and 0.5 amps. After the products
of outgassing were pumped from the tube, the spectrometer recorder was
set on the oxygen peak and the sample opened to the spectrometer. This








































































































































































































































































oxygen in the system is plotted vs time, and hence the slope of the
curve is proportional to the rate of evolution. It can be seen that
the initial 0
2 
level was essentially zero. At t = 0.25 minutes, the
switch was thrown to position "B" with
dc 





was decreased by a correspong amount so that
the RMS current and sample temperature would remain constant, thus
avoiding outgassing effects. Figure 9 shows that the rate of evolution
of 02 definitely depends upon the dc current. The tendancy for the 02
level to saturate is probably due to gettering of the 02 on the bulb
walls where a thin layer of Ni had been evaporated from the preheating
cylinder.
At t = 8.0 minutes, the sample was turned off and the mass spectrum
of the gas in the system was swept. The mass peaks observed are sum-
marized in Table I.
TABLE I
MASS SPECTRUM OF RESIDUAL GAS AFTER OPERATION OF TEST SAMPLE
Molecule Quantity Present












Since carbon and water -vapor are always present to some extent in
a system, these results are consistent with the simple evolution of
oxygen from the sample.
The tube was again evacuated and the sample reheated to looq c




= 18.0 volts was switched in, the 02 
level rose at an initial
rate of more than 3.0 micron liters/minute, reaching an ultimate quan-
tity of about 27 micron liters after about 15 minutes (compare Figure 9).
At this poiat the mass spectrum was again swept; however, no new peaks
were observed. At the conclusion of the experiment the sample within
the tube had changed color from white to a uniform coal black. A
second mass spectrometer sample was similarly tested with essentially
identical results.
Initial Results With Directly Heated Samples. Sample #1 is typical
of a number of directly heated samples investigated. It was constructed
as shown in Figure 5 using the larger (.057" diameter) yttria stabi-
lized zirconia tubing with a contact spacing of about .535". The sample
was mounted in an oil diffusion vacuum system and started at an initial
temperature of 1700
o
C before the beginning of pumpdown. A variable dc
power supply was used in series with a 80 n current limiting resistor.
Figure 10 indicates the changes that occurred in the resistance
of the sample during and after evacuation of the system. A series of
qualitative thermal distribution curves were sketched from visual ob-
servations and are shown at several points in time during the experiment.
It can be seen that the overall effect of the treatment is a re-
duction in resistance of the sample. Initially, this is due in part
to a temporary rise in temperature of the sample which results from
loss of the conductive component of heat transfer as the bell jar is
evacuated. After the system is switched to the diffusion pump and the
pressure passes below the micron region heat transfer is thereafter
essentially 100 percent by radiation. The changes in electrical and
thermal characteristics in the low pressure region (after t = 6 minutes)












































































































































































































































































































































































































































It was evident during the experiment, that not only was the
electrical resistance of the sample substantially lowered by this
treatment, but the temperature coefficient of electrical resisctvity
changed from negative to positive.
The initial shift of the thermal distribution toward the anode is
most logically explained in terms of the reduction of the sample pro-
ceeding from cathode-to-anode, as 02 is evolved at the anode. The
reduced material is obviously of lower resistivity than the virgin
material. Unfortunately, this model does not explain why the anode
hot spot persists after long periods of operation. After prolonged
reduction one might expect the reduced, high conductivity material to
form sufficiently in the anode region to lower the electrical dissi-
pation and make the anode as cool as the cathode. Apparently, there
is a residual high resistivity region around the anode.
At the conclusion of the experiment, the sample was quite black
and the room temperature resistance was found to have decreased to
6.7 ohms. Prior to the ;experiment, the room temperature resistance
was too high t,-; measure, as one would expect from Figure 4. The weight
of the complete sample, including contacts and leads, decreased from
148.2 mg to 140.6 mg during the experiment. The lost 7.6 mg was pre-
sumably evolved oxygen.
During the treatment a large number of small cracks appeared in
the sample, first becoming evident after about 30 minutes. These cracks
could not be seen directly; however, discontinuities in the temperature
distribution made their presence obvious (the temperature distributions
in Figure 10 are somewhat idealized) The presence of these cracks was
later confirmed by microscopic examination of the sample microstructure.
26.
It was also noticed that after about two hours operation, the
electrical radin6. 'became somewhat erratic. Momentary decreases in
voltage of the order of 0.5 volt with a very erratic periodicity of
the order of one second were observed. Occasionally, the readings
would stabilize for several seconds before the voltage would again
begin to vary. A clight heating and cooling of the localized hot spot
at the anode was seen to correspond to ,he higher and lower voltage
values respectively, suggesting the possibility of erratic anode contact
resistance,
At the conclusion of electrical testing, Sample #1 was sectioned
in a plane through the axis of the tubing for study of the micro-
structure. Photomicrographs of some areas of interest are shown in








Figure 11. General location on the specimen of the photographed
areas shown in Figures 12, 13 and 14 (section view).
Figure 12 shows overlapping photographs of the area near the anode
contact. One of the anode contact wires is visible at the top of
Figure 12a. The large dark areas are voids in the material. The whitish
arez.s of metallic appei,.rance that diminish in size fartl,er,way from the
•••





Figure 13. Microstructure of Sample #1.-between the anodit




Figure 14. Microstructure of Sample i between the cathode
and the center. Magnification: X1170
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anode contact are of interest. In Figure 13a these areas are of
small size and give the material a granular appearance. This tendancy
continues down the sample as can be seen from Figures 13b and 14a.
Nearer the cathode, the granular phase becomes less obvious until very
near the cathode (Figure 14b) it cannot be seen at all.
Figure 14b shows one of the numerous cracks which formed in the
material during the experiment. There is an obvious difference in
color on opposite sides of the crack, possibly indicating different
degrees of reduction. This may be due to the effect of the crack on
the current density and/or local temperature.
The white phase in the material, particularly in the photographs
of Figure 12, looks very much like metallic inclusions in the ceramic,
possibly platinum from the electrodes To determine whether electrode
material migration could occur under these conditions, two more samples
were subjected to the same treatment and then analyzed using an emission
spectrograph. There was no l evidence in either sample of platinum in
any zone except at the contacts.
Polarity Reversal Effects. Sample #1, essentially identical to
Sample #1, was tested to determine the effects of reversals of polarity
during operation in vacuum. The experimental arrangement and procedure
was essentially the same as described before except the polarity re-
versing switch was included in the circuit so that the reversal could
be accomplished rapidly.
The electrical and thermal behavior of the sample is shown in
Figure 15. After 30 minutes operation, the resistance had fallen to
10.1 ohms from an initial value of 150 ohms and the sample "hot spot"
was localized at the anode, as usual. At this point the polarity of





























































































































































































































































































































































































































































ample fell instantly from 10.1 to 8.5 ohms and the anode hot spot
began to cool. After about 20 minutes it was apparent that a hot
spot was forming at the new anode and, at the same time, the resis-
tance began to rise gradually. Twenty six minutes after the polarity
•
reversal a zone of incandescence was highly localized at the new anode. %
The temperature distribution appeared exactly reversed from the situa-
tion pr4.or to the polarity reversal.
The polarity was reversed two more times (not shown in Figure 15)
and each time the incandescent hot spot disappeared and then gradually
formed at the new anode after 20-30 minutes. At each reversal the
resistance dropped abruptly and then rose again slowly as the new anode
became incandescent.
Subsequent examination of the microstructure of Sample #2 showed
the material to have a granular appearance, similar to that seel at
the center of Sa:nple #1, along its entire length. A large number of
small cracks were also present in the material. Nothing was seen that
could be directly correlated with the electrical behavior of the specimen.
Weight Losses During Electrolysis. The amount of oxygen evolved
from samples during electrolysis was easily measured by weighing the
sample before and after an experiment. Reduced samples were found to
regain essentially all the lost weight when reoxidized by air firing at
1000
o
C. Data on a typical electrolytic reduction-reoxidation cycle are
shown in Table II.
TABLE II
SAMPLE WEIGHT CHANGES IN A TYPICAL REDUCTION-REOXIDATION CYCLE
Original sample weight
Reduced sample weight
Weight loss during reduction
Reoxidized sample weight









The possibility of significant errors in the weight measurements
due to water vapor absorption was considered. A number of specimens,
both reduced rnd unreduced, were repeatedly weighed after varying ex-
p(sures to the atmosphere, but no appreciable changes could be detected.
Changes in weight due to water absorption are therefore negligible with
respect to the weight changes due to reduction and reoxidation.
Table III is a summary of the weight losses due to reduction for
three directly heated samples. The loss is also expressed as a per-
centage of the weight of the stabilized zirconia tubing in the sample.
TABLE III
WEIGHT LOSSES DUE TO REDUCTION FOR A NUMBER OF DIRECTLY HEATED










1 3.5 Hours 97.6 Mg 7.6 Mg 7.87.
2 2.5 91.8 6.2 6.8%
3 0.75 105.5 7.1 6.8%
The samples in Table III were run under the same conditions except
for the polarity reversal tests performed on Sample #2. It is obvious
that the rate of reduction diminishes with time since the sample oper-
ated 0.75 hours was reduced almost as 7uch as the sample operated 3.5
hours.






and if all the Zr0
2 
present were so reduced, the observed percentage
weight loss would be 9.8%. For directly heated samples the weight loss





Indirectly Heated Samples. It was realized that the significant
limitation in the reduction obtainable in a directly heated sample is
a result of the drop in dissipation and temperature which accompanies
the formation of the more conductive reduced phase. The conductivity
of the ionically conducting phase decreases so drastically with de-
creasing temperature that most of the current scon flows through the
parallel reduced paths and electrolysis effectively ceases.
This self-limiting aspect of the process is well illustrated by
results obtained on the mass spectrometer and by the data of Table III
which shows that most of the reduction ultimately obtained in a directly
heated sample occurs within the first few minutes of the test.
Cessation of electrolysis due to the complete shunting of the
current around the remaining ionically conducting material can be
postponed by maintaining an elevated temperature throughout the test.
This is most conveniently accomplished by heating the sample in an
oven, rather than by internal dissipation.
The high temperature vacuum oven previously described was used to
test Sample #4 at 1200°C for 85 hours continuously. During this period
the current was electronically regulated at 100 ma. The electrical
behavior of the sample is presented in Figure 16. As with the directly
heated samples, the resistance decreased rapidly as reduction proceeded
and finally became very erratic during the latter part of the test.
At the conclusion of the experiment, the zone between the elec-
trical contacts was broken away separately for reoxidation and deter-
mination of the amount of weight change during reduction. The results
for this sample and for several similarly treated samples are presented
in Table IV.
ol••



















































































































































































































































































WEIGHT CHANCES DUE TO REDUCTION FOR SAMPLES OPERATED AT A











4 .057 100 85 11.1
5 .041 80 87 12.0
6 .041 100 115 11.2
7 .057 125 111 10.0
8 .041 100 200 12.4
The amount of reduction achievable by electrolysis of the material
in a 1200°C oven is significantly greater than that obtained b) direct
heating (compare Table III). As before, it is obvious that the amount
of reduction bears no direct relationship to the total charg2 passed
during the experiment. This was not unexpected, since an indeterminant
amount of charge is passed by electron conduction through the reduced
material.
It is also obvious from the Table IV data that the reduction of
Zr0
2 
to Zr0 cannot be the sole mechanism of reduction because the
observed weight losses are in excess of .he 9.81% to be expected if all
the Zr0
2 
were reduced to ZrO.
X-Ray Diffraction Analysis. A sample that was operated at 100 ma
and at a temperature of 1200°C in vacuum for a period of 115 hours was
analyzed by X-ray diffraction (Debye-Scherrer technique) at the General
Electric Research and Development Center. Examination of the center of
the sample revealed two structures of about equal intensity; namely, the
fluorite structure of stabilized Zr0
2
 and -zirconium. There was, within
the uncertainty of the determination, no Zr0 present in the material.
1





The lattice constant of the Zr0
2 
phase was found to be
A
o 
= 5.21 X ± 0.01 X. A sa:-Iple of unreduced material from the same
extrusion batch was also analyzed and a lattice constant of
0 A
o 
= 5.15 X i 0.01 X measured. The lattice constants for the
V.-zirconium (hexagonal) were also measured an are presented in
Table V.
TABLE V
COMPARISON OF MEASURED AND PUBLISHED VALUES OF THE






Measured 3.245 X ± .002 X 5.181 R ± .002 X 1.597
Published (24) 3.232 5.147 1.593
The possibility was considered that some slight reduction might
occur in this material purely as a result of the elevated temperature
r in vacuum independent of electrolysis.
Accordingly, a virgin sample of tubing, as well as a sample partly
reduced by electrolysis, was weighed before and after vacuum firing at
a temperature of 1200°C for a period of 118 hours. No current was
I passed through either sample during the vacuum firing. There was no
measurable weight change in either material as a consequence of the
firing indicating that no reduction or oxidation took place.
Microstructure of an Indirectly Heated Sample. Sample #9 was
operated 111 hours at 1200°C in vacuum, while passing a current of
125 ma, after which the microstructure of the material was visually
inspected. Under high magnification (K1170) the material between the
contacts was of a "granular" appearance similar to that at the center
of Sample #1 (Figure 14a).
38.
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At lower magnification an interesting coloration was apparent.
The sample was black with a somewhat glossy metallic sheen from the
cathode to within a few mils of the anode. Near the anode there ap-
peared a band of darker "flat" black material. The material in the
anode contact in the zone of little or no current density appeared
pinkish-White. A photograph of the anode and the surrounding area is
shown in Figure 17a (the whitish area in the center of the tubing is a
defect in the casting compound). Notice that the zone of "flat" black
material is sharply defined and appears to be "deposited" at the inner-
most anode contact wires. The usual cracks formed in the reduced
material are also apparent.
A photograph of one side of the cathode contact is shown in
Figure 17b. There is an obvious loss of platinum contact material,
leaving voids in the contact coating where the contact wires were
located. The platinum appears to have become molten and permeated the
somewhat porous contact coating. Some reaction between the platinum
and another constituent of the material must have occurred, since the
operating temperature of the specimen did not exceed the melting point
of pure platinum (17730C).
Electrical and Thermal Measurements. Sample #10 was reduced at
1200°C in vacuum at 125 ma for 108 hours and then subjected to a series
of electrical tests while still in the vacuum system.
A polarization voltage was found to exist across the reduced
specimen for a few seconds after the current through the specimen was
interrupted. After restoration of external power the voltage drop across
the sample was lower than formerly observed and required typically 10
minutes to rise to the original value. A series of polarization decay






(a) Anode contact zone (X36)
Toward anode 


















































































































































































































































































































X-Y recorder. Three of these curves are presented in Figure 18. The
initial values of the polarization voltages were not recorded because
of the limited response speed of the recorder. It is apparent that
I.
both the initial value of the polarization voltage and the decay time
constant decrease at lower temperature.
The resistance of this reduced sample was measured as a function
of temperature at a constant current of 10 ma. The results, shown in
Figure 19; indicate that two conduction mechanisms are still present,




































Figure 19. DC resistance vs temperature of Specimen #10 aftax




.4k specimen was prepared for investigation of the potential distri-
bution between electrodes during electrolysis. This specimen, designated
#11, was of the usual construction with the exception of four auxiliary
electrical contacts between the current carrying electrodes. The
placement of these contacts is shown schematically in Figure 20. The
current carrying electrodes are lettered, and the voltage measurement
contacts are numbered for reference. The two outer voltage measure-
ment contacts (numbers 1 and 2) were placed as close to the current
carrying contacts as was practical in order to detect potential 
drops


















Figure 20. Contact configuration of Specimen 11 prepared for
measurement of potential distribution during electrolyste.
(See Figure 5 for constructional detail*
This speciren was subjected to electrolysis in vacuum at a tem-
perature of 1200°C and a current of 80 ma. Voltage measurements were
taken using a meter with a potentiometric input so that no current was
passed by the instrument. Contact A was the. anode and I; the cathode.
43.
The voltage distribution between contacts as a function of time is
summarized in Table VI. The voltage subscripts refer to the contacts
designated in Figure 20.
TABLE VI



















.033 5.1 10.2 9.2 4.8 0.25 29.55
0.25 4.7 4.2 3.2 2.7 0.18 14.98
3.3 3.7 2.65 2.08 2.14 0.12 10.69
14 2.83 1.02 0.41 0.60 0.11 4.97
38 2.18* 0.84 0.45 0.33 0.11 3.91*
71 2.25* 0.88 0.28 0.12 0.11 3.64*
95 2.27* 0.59 .07 0.12 0.11 3.16*
* Voltage fluctuations observed
The Table VI data show conclusively what had been suspected about
the potential drop along a conducting specimen in vacuum. There is an
almost immediate shift of the potential distrubution toward the anode
which becomes increasingly pronounced with time. After the 119 hours
of this experiment, ovet 80 percent of the total voltage drop was across
the .010" length between contact A and contact 1 which is only about 1
percent of the total length of the specimen.
It was noticed that after 38 hours of operation the voltage VAL
became slightly erratic, but that the drops across the other segments
were constant throughout the test. This is an indication tilat the
fluctuations in total voltage observed on all specimens subjected to
electrolysis for extended periods, have their origin in some mechanism
operating very near the anode.
After specimen #11 had operated at 80 ma for 119 hours continuously
the circuit was opened for an interval of 10 minutes, after which the
power was restored. The voltage drops across the various segments before
44.
and after this interval are summarized in Table VII.
TABLE VII
POTENTIAL DISTRIBUTION ALONG A REDUCED SPECIMEN BEFORE AND AFTER





















-10* 2.05 0.230 .060 0.110 0.110 2.560
0** 0.50 0.240 .064 0.110 0.105 1.019
2 0.55 0.240 .064 0.109 0.105 1.068
4 0.52 0.240 .064 0.110 0:104 1.038
10 1.10 0.236 .064 0.110 0.104 1.614
20 1.11 0.233 .062 0.106 0.102 1.613
50 1.17 0.232 .062 0.106 0.102 1.672
* immediately before the circuit was opened
** Immediately after the circuit was closed
Immediately after the restoration of power, the voltage drop near
the anode (V
Al 
) was substantially less than its former value, but it
began to increase almost immediately. By contrast, there was no signif-
.
loan: change in the potential drop across the other segments before and
after the power interruption. This also, is an indication of a different




Objectives. The general goal of this investigation has been to
study and explain the changes which occur in yttria stabilized zirconia
as a consequence of charge transport in vacuum. The first step was
confirmation of the results of earlier investigations which had indi-
cated that the observed changes in the material were a result of reduc-
tion by electrolysis. Once this was 'demonstrated the investigation
was centered upon the composition and microstructure of the reduced
material with the aim of developing explanations of the observed changes
in terms of fundamental solid state phenomena. Some attentionwas given
to the possible formation of the suboxide Zr0 since this had been re-
ported in similar experiments performed by Carter
f
(3)•
Basic Effect of Electrolysis in Vacuum. It is clear that the
basic mechanism of change in yttria stabilized zirconia subjected to
electrolysis in vacuum is partial reduction of the material due to
irreversible loss of oxygen from the anode. This is consistent with
the accepted model of charge transport by means of oxygen ion movement
through thc._ lattice. This conclusion has been reported by a number of
investigators (3, 4, 23) and has been experimentally confirmed by this
study.
The mass spectrometer experiments show that oxygen is evolved from
a specimen at a rate which is initially proportional to the direct cur-
rent being passed (Figure 9). These experiments also demonstrated that
very little oxyzen is evolved from a specimen passing alternating current,
-45-
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presumably because the mean distance drifted by ions during one half
cycle is small with respect to the dimensions of the specimen. This
made it possible to heat and outgas the sample with alternating current
prior to initiation of electrolysis. The mass spectrum of residual gas
in the chamber at the conclusion of the test was that of oxygen alone
(Table I).
Visual observation of specimens during electrolysis is sufficient
to confirm that the reduction reaction proceeds from cathode to anode.
It was possible to stop electrolysis on a specimen after a short inter-
val and find the material near the cathode black due to reduction and
that near the anode the original white color, apparently unchanged.
It was also shown that specimens lost appreciable weight during
electrolysis which could be entirely restored by reoxidation in air at
1000°C (Table II). During such firing the original white color was
also restored. This proved to be a very accurate means of determining
the extent of reduction in experimental specimens.
Composition of the -Reduced Phase. Electrolysis of yttria stabi-
lized zirconia at 1200°C in vacuum results in reduction of part of the
material to (A-zirconium, as determined by X-ray diffraction of an
indirectly heated specimen. The reduced material is therefore two
phase, o(-zirconium mixed with cubic Zr0
2
. Formation of a mixed struc-
ture is caused by the tendency of the relatively high conductivity
zirconium to shunt the current around the remaining ionically conducting
material, thereby limiting the extent of the electrolysis.
The lattice parameters measured for the of-zirconium formed in the
specimen are larger than the published values (Table V). This is prob-
ably caused by oxygen in solution with the metal. The expansion of the




No Zr0 was found in the one specimen analyzed by X-ray diffraction.
This was surprising in light of the results of Carter (3) who found
large quantities of Zr0 but no zirconium metal in a directly heated
specimen reduced in argon. The difference in atmosphere is probably
not significant. The seemingly conflicting results may arise from the
different methods of heating the samples. Direct heating by passage
of current was used in Carter's work and indirect heating in an oven
was employed for the sample analyzed in this investigation. As was
discussed earlier, directly heated specimens always undergo a rapid
decrease in temperature as the reduced phase forms and lowers the
electrical dissipation. Perhaps Zr0 forms initially in all specimens
but reduces to metallic zirconium under continued high temperature
operation. If this were the case, the early temperature drop char-
acteristic of the direct heating method might quench the materil
rapidly enough to retain the Zr0 structure.
There is a possible inconsistency in the foregoing hypothesis.
First, the mechanism of .decomposition of Zr0 would have to be purely
thermal and not electrolytic since Carter (3) found that Zr0 conducted
electronically and not ionically. The electronic conduction in his
samples must have been due to Zr0 since the only other phase identi-
fied was cubic (fluorite) Zr02. In this study a directly heated
reduced specimen was vacuum fired at 1200°C without passage of current
for 118 hours. There was no change in weight and hence no further
reduction resulted. Obviously the specimen contained no Zr0 or else
Zr0 does not reduce spontaneously at 1200C in vacuums.
Comparison of the microstructure of directly and indirectly heated
specimens showed them to be very similar over most of the specimen area.
Slightly more reduced phase was apparent in the indirectly heated
AP'
samples, as was expected. The nfi-Alar aTpearance of the spc-ci;lccs does
48.
not encourage one to believe that the reduced phases are chemically
different.
Comparison of Tables III and IV shows the indirectly heated spec-
imens underwent weight losses of 10 percent to 12.4 percent compared
to 6.8 percent to 7.8 percent for the directly heated units. The
Table IV data confirm the existence of some Zr in the specimens since
reduction of all the Zr0
2 
present to Zr0 would result in only a 9.81
percent weight loss.
No evidence was found during this work to confirm the formation
of Zr0 from stabilized ZrO2 by electrolysis. It must be conceded that
more analytical evidence would be needed to support a conclusion that
no Zr0 was formed. Only one reduced specimen was subjected to X-ray
diffraction analysis and it was examined only at the center of the
tubing. The possible existence of Zr0 in other parts of the specimen
cannot be ruled out.
Electrical and Thermal Behavior of Specimens. The salient effects
of electrolytic reductiop on the electrical properties of yttria stabi-
lized zirconia are reduction in the resistance and change in sign of
the temperature coefficient of resistivity. This is a consequence of
the establishment of an electronically conducting reduced phase mixed
with the ionically conducting phase. The existence of the two conduc-
tion mechanisms. even
by the data of Figure
electrolysis does not
after prolonged periods of conduction, is proven
19. Complete reduction of the material by
occur because of the eventual shunting of all
the current through the reduced material.
The thermal behavior of directly heated specimeos cannot be
explained entirely in terms of anion migration causing gradual forma-
tion of a reduced phase from cathode to anode. The initial behavior
49.
of the observed samples is consistent with this model; however, in all
cases the cooling effect stopped short of the anode leaving a "residual"
hot spot at the anode contact (Figure M. Purely on the basis of re-
duction due to anion migration, it would be expected that the reduced
phase would form completely through the specimen resulting in a uni-
formly reduced operating temperature. Reversal of the polarity of the
current in a partially reduced specimen has been shown to cause the
residual hot spot to disappear and then later reappear at the new anode
(Figure 15). Coincident with the polarity reversal there is an instan-
taneous drop in operating voltage which then gradually returns to the
1 
former level as the hot spot reappears at the new anode.
The foregoing behavior is explainable in terms of formation of
an ion concentration cell at the anode. The back emf of this cell
creates a localized high electrical resistivity region and hence a
hot spot. Polarity reversal causes the unbalanced ion concentrations
to move toward equilibrium values, and consequently the back emf and
resultant hot spot disappear. After a time, the ion concentration
unbalance is established in the other direction and the hot spot appears
at the new anode.
The polarization voltage which was shown to exist after removal
of power is conclusive evidence for the existence of a concentration
cell. The initial polarization voltage value is undoubtedly substan-
tially higher than suggested by the Figure 18 data, since the initial
decay was too rapid to be recorded. The polarization voltage probably
increases with increasing temperature because at high temperature a
greater fraction of the current in the speci=an is carried by the ionic
process and hence a greater ion concentration unbalance is established.
The potential distribution data in Tables VI and VII indicate that
the effective region of the ion concentration cell is very near the
50.
anode. Most of the voltage drop along a .920" long reduced specimen
is shown to be within .010" of the anode. Further, when power was
interrupted and then restored the only segment of the specimen which
showed the voltage drop and subsequent increase characteristic of a
concentration cell, was the .010" segment nearest the anode.
The potential distribution data also show that the periodic "dips"
or downward fluctuations in operating voltage have their origin in the
anode region (see Table VI). These are probably caused by erratic
establishment and burnout of more highly conducting paths of reduced
material in the concentration cell region.
A component of the voltage drop at the anode may also be due to
the overvoltage associated with the evolution of oxygen (25). Oxygen
overvoltage values have been tabulated for various electrode materials
and current densities and are usually appreciable. Calculation of the
expected overvoltage in these specimens is not practical because of the
irregular contact configuration and mixed structure of the material
which prevents a determination of the true electrode current density
upon which overvoltage depends. In liquid electrolytes, overvoltage
effects can be separated from concentration polarization effects by
stirring the electrolyte to eliminate gradients. Obviously, this is
not practical with a solid electrolyte.
The Microstructure of Partially Reduced Specimens. The micro-
structure of directly heated and reduced specimens contains a phase of
metallic appearance, which is probably c,t-zirconium. This phase is
present as large, roughly spherical, inclusions near the anode, but
decreases in grain size nearer the cathode (Figures 11, 12, 13, 14).
The different appearance of the structure at various points is believdd
to be more a result of the thermal history of the material than Of
composition vnriaticre:. It is significanithat structures of distinctly
51.
different appearance are frequently seen on opposite sides of narrow
cracks in the reduced material (Figure 14b). Some of these cracks are
perpendicular to the direction of current flow and since current could
not have been discontinuous across these boundries, it seems unlikely
that the abrupt change of appearance could be due to a different degree
of electrolytic reduction. This points to temperature differences on
opposite sides of the cracks as the cause of the observed differences
in microstructure.
The agglomeration of -zirconium into approximately spherical
inclusions indicates that the material was very near or above the
melting point of zirconium (1825°C) for some period of time after its
formation. The initial specimen operating temperature was 1700°C color
temperature, or about 1900
o
C true temperature. The temperature in-
creased initially as the system was evacuated and then began the cha-cac-
.:
teristic decrease beginning at the cathode end. Hence the portions of
the specimen nearest the anode were above the melting point of zirconium
the longest, and consequently formed the largest zirconium particles.
In the two thirds of the specimen nearest the cathode (Figure 14), the
zirconium and cubic Zr0
2 
phases are so intimately mixed as to be virtu-
ally indistinguishable.
None of the spherical agglomerates of o(-zirconium were present in
the microstructure of indirectly heated specimens. This is consistent
since these specimens were operated at 1200°d, well under the melting
•
point of zirconium. The structure of these specimens, except in the
vicinity of the contacts, appears to be simply the two phase mixed
structure, 0(-Zirconium and cubic 
Zr02' 
similar to that seen near the
center of directly heated specimens (Figure 14a).
Although anions are the primary ion charge carriers in this material
it is evident that appreciable cation migra.tion also occurs in indirectly
52.
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heated specimens operated for long periods. The platinum cathode
contact wires of such specimens appear to have become molten and
permeated the contact coating, leaving voids where the wires had been
(Figure 17b). This is attributed to electrolytic deposition of
zirconium upon the platinum wires followed by formation of a molten
Pt-Zr alloy. There is a eutectic in the Pt-Zr system at approximately
36 percent Pt by weight, at a temperature of 1185°C (26). There may
also be some migration of yttrium ions, however, the ionic radius of
yttrium is about 1.06 R compared to 0.87 R for zirconium (5). This
suggests that displacement of zirconium ions may have a lower acti-
vation energy than displacement of yttrium ions and if so, zirconium
ion movement would dominate.
Three distinctly different types of material are evident in the
anode zone of directly heated specimens (Figure I7a). The metallic
black zone (right side of Figure 17a) extends from immediately outside
the anode to the cathode and is almost certainly the two phase material
G.( -zirconium and cubic Zr02.
The narrow flat black zone is probably a cation depletion layer,
the exact composition of which is unknown. This is supported by the
previous evidence that cation migration does occur. Note also the
coincidence of the edge of the zone with the first anode contact wires
which carry most of the current. The concentration cell, discussed
earlier, was also shown to be confined to an area corresponding roughly
to this flat black zone.
The composition of the white zone (left side of Figure 17a) is
also unknown, but it is strongly suspected from its appearance that it
is simply cubic Zr02. Although it is not clearly shown in any of the
figures the initial effect of reduction is to turn this material outside
53.
the anode black. This corresponds to oxygen ion diffusion from this
zone into the active zone of the specimen where electrolysis takes
place. After typically 15 hours operation, the material outside the
anode again begins to turn white until finally it takes on an appearance
of which Figure 17a is typical. The reoxidation of this material prob-
ably coincides with the development of the concentration cell near the
anode. The high concentration of oxygen ions developing near the anode
may result in the diffusion of enough of them back into the zone outside
the contact to restore the material to approximately its former composi-
tion and color.
Recommendations For Future Investigations. Future work in this
area should include more extensive analysis of the material composition
in various areas of reduced specimens. In particular, it would be in-
teresting to determine the exact composition of the flat black zone
formed near the anode (Figure 17a).
Efforts might also be made to duplicate the formation of ZrO, and
to determine the conditions' under which it is formed and remains stable.
It might also prove useful to repeat some of these experiments with
different material compositions and stabilizing additives.
54.
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